THE AMAZONIAN CITY of Belé m is located near the mouth of the Amazon river just south of the equator in Pará State, Brazil. When Davis (1931) , Galvão et al. (1942) , and Deane et al. (1948) investigated malaria here, the metropolitan area was considerably smaller (Fig. 1) , and the population Ϸone-sixth of its current size (Table 1 ). Davis worked in Pedreira (Sacramenta district or DASAC, Fig. 2 ) in April 1930, which at the time had extensive swampy areas and was much more rural than at present. Peak malaria transmission occurred in March and there were Ϸ60% Plasmodium vivax and 40% P. falciparum cases in humans (Davis 1931) . Of the two anophelines collected, Anopheles darlingi Root and An. aquasalis Curry, only An. darlingi was believed to be involved in malaria transmission (Davis 1931) . During the 1940s, the proportion of P. falciparum cases remained Ϸ40% (L.D., unpublished records). Both Galvão et al. (1942) and Deane et al. (1948) hypothesized that An. aquasalis was the vector in coastal low lying land (at or near sea level) inßuenced by tides, and that An. darlingi was responsible for annual epidemics during the rainy season at higher elevations (Ͼ5 m; known as terra firme), farther inland.
In the 1960s, the main breeding sites for An. darlingi in Belé m were determined to be in the EMBRAPA (Empresa Brasileira de Pesquisa Agropecuária) in the Entrocamento district (DAENT; Fig. 2 ), near the two Á rea de Proteç ão Ambiental (APA) lakes. In a significant control effort, this huge area was Þlled in with sand and every house in the district was sprayed with residual insecticide each 6 months. By 1968, based on monthly larval and adult collections in all districts, An. darlingi was considered eradicated from Belé m (Fundaç ão Nacional da Saú de, unpublished reports), and most subsequent malaria cases were attributed to seasonal or long-term migrationÑ either of rural persons with malaria moving to urban Belé m (Marques et al. 1998) or Belé m inhabitants who traveled to endemic malaria areas during the summer holidays and returned with circulating gametocytes (Souza 1995) . In the decades following the 1960s insecticide use was limited to houses where malaria cases were reported to health ofÞcials (Fundaç ão Nacional da Saú de, unpublished reports).
A decrease in the emphasis on malaria vector control in Brazil has been documented (Akhavan et al. 1999 ) but the overall effects on malaria incidence and transmission have not been systematically evaluated, in part because the factors affecting incidence and transmission intersect in extremely complex ways (Marques 1986, Singer and de Castro 2001) . In Belé m, as in most parts of Amazonian Brazil, insecticidal fogging is currently used for new foci of malaria (M. Pó voa and J. Conn, personal observation), even though it is ineffective in high-risk areas such as new agricultural settlements and gold mines (Nájera et al. 1993) . Malaria inspectors rarely do house-to-house casework, and patients presenting typical symptoms are expected to travel to health clinics for treatment.
Our objectives were to try to answer several questions related to malaria vectors, transmission, and epidemiology over a 70-year period in Belé m during which the city has become increasingly deforested and urbanized. (1) Do long-term records support or refute the hypotheses of Galvão et al. (1942) and Deane et al. (1948) concerning the roles of An. darlingi and An. aquasalis as malaria vectors? (2) Has An. darlingi reinvaded districts of Belé m since its reported eradication in the 1960s? (3) Has there been a change in the species of Anopheles (Nyssorhynchus) potentially involved in transmission in Belé m? (4) Has the incidence of malaria cases changed relative to human population growth? (5) Have the number and relative frequencies of reported malaria cases caused by the three main human parasites (P. falciparum, P. vivax, and P. malariae) changed temporally in humans in Belé m and in Pará state? Cabral 1995 and Oliveira et al. 1998) . APA ϭ Á rea de Proteç ão Ambiental. 
Materials and Methods
Collection Sites, Mosquito IdentiÞcations and ELISA analysis: We collected adult females using human bait (with informed consent) from 18:00 Ð21:00 h during both rainy and dry seasons, a minimum of four times per year per site. Three districts (DAENT, Icoaraci district [DAICO] and DASAC) were chosen in 1993 because the number of malaria cases was increasing most rapidly here. Collections were made in at least three sites within each of the three districts from 1993 to 1999 (Fig. 2) . DAENT district is above 5 m in altitude (i.e., terra firme of Galvão et al. 1942) . Two of the sites within this district are in invasões (illegal settlements), near an igarapé (a natural seasonal canal) with low-lying bushes, grasses, and relatively abundant secondary growth such as palm trees and Cecropia. The third site, Utinga, has a much less dense human population. The other two districts, DA-ICO and DASAC, are predominantly low-lying, closer to the river, and our collecting sites are in invasões or bairros (well-established communities). One site in DAICO is farther inland and on terra firme.
Mosquitoes were identiÞed morphologically within 24 h of capture using the key of Deane et al. (1946) . They were then divided into two parts: the head/ thorax was dried and used for ELISA analysis, and the abdomens maintained in 95% ethanol at Ϫ70ЊC. Mosquitoes were analyzed for the presence of human malaria parasites (P. falciparum, P. vivax VK210, P. vivax VK247, and P. malariae [ ϭ P. brasiliensis, Fandeur et al. 2000 ]) using standard ELISA protocols (Wirtz et al. 1987 (Wirtz et al. , 1991 (Wirtz et al. , 1992 . All An. aquasalis, An. darlingi and An. albitarsis s.l. specimens were analyzed individually. All other species were analyzed as pools of Þve or fewer mosquitoes.
Data Analysis. For epidemiological malaria case reporting in Pará state, the number of positive slides is considered equivalent to the number of malaria cases (FUNASA-Coordenadorṍa Regional do Pará), and we have followed this convention. The relationship between malaria incidence and human population size in Belé m was investigated by means of least-squares regression for seven periods between 1942 and 1996. To investigate whether there has been a temporal increase in malaria in Belé m and Pará in recent years, regressions between year and number of malaria cases were performed. For these data, cases of mixed infection with P. falciparum and P. vivax were added to totals of each of these parasites. Because the total number of malaria cases could be inßuenced to some extent by the total number of slides examined, we accounted for the effect of total slides by including it as a covariate in the analyses. There was no effect of total slides for Belé m, but it was signiÞcant for Pará state.
For the intensive collections from 1993 to 1999, data on the number of mosquitoes collected and their rates of infection by the different Plasmodium species were analyzed by analysis of variance (ANOVA) with collection Site, Year, and mosquito Species as treatment main effects (plus their two-way interactions). There were not enough degrees of freedom to run three-way interactions. Because the abundances of mosquitoes and malaria parasites could not be transformed to meet assumptions of parametric ANOVA, the data were transformed to ranks and a nonparametric KruskalÐWallis ANOVA was performed.
Results
Broad Patterns of Malaria Incidence. For Belé m, there was no relationship between the number of malaria cases and the cityÕs human population size (R 2 ϭ 0.31, P ϭ 0.54; Table 1 ). Thus, although the human population has increased rapidly, total malaria cases have not (Fig. 3) . We note, however, that if only the subset of data points from 1978 to 1996 are analyzed, a relationship between malaria cases and population size emerges (Total Cases ϭ [0.003 ϫ Population size] Ϫ1,850.4; R 2 ϭ 0.88, P ϭ 0.059). Regression analysis on patterns in the 1990s showed signiÞcant increases in malaria incidence for both the city of Belé m ( Fig. 4 ϭ 0.93, P ϭ 0.0004). Interestingly, the frequency of cases of P. falciparum malaria declined signiÞcantly during this period in Pará (Fig. 6 ), but not in Belé m (not shown: P. falciparum cases ϭ [Ϫ18.1 ϫ Year] ϩ 36,370; R 2 ϭ 0.32, P ϭ 0.18). The proportion of mixed infections was low as is common throughout Amazonian Brazil (Akhavan et al. 1999) . However, the frequency of P. malariae cases in Pará state increased sharply beginning in 1995 (Table 3) , a pattern not reported previously.
Patterns of Mosquito Species Diversity. The diversity of Nyssorhynchus appears to have increased from just two species collected in Belé m in 1930 (Davis 1931) to Þve or six from the 1940s to 1980s, and 10 species in the 1990s (Table 4) . Each of the six mosquito species collected during the 1940s was found in all of Belé mÕs districts. Currently, the distribution of species is patchy (Table 5 ). In DABEL, there are now only two species. In DAGUA, there are now four species, two originals and two new, with four no longer present (Table 5 ). In DASAC Þve of the original six species remain (An. darlingi has disappeared) plus four new ones (Table 5 ). All 10 species are found in DAENT, Bengui district (DABEN) and DAICO.
Factors affecting mosquito and parasite abundance in Belém 1993-1999. ANOVA of the collections in our study sites from the 1990s revealed signiÞcant differences in overall abundance (An. aquasalis more abundant than An. darlingi), but the relative abundances varied strongly by district (signiÞcant Site by Species interaction; Table 6 ), with An. darlingi completely absent from DASAC (Table 7) . Total abundances also varied among years with more than half the total number of mosquitoes collected in 1999 alone (Fig. 7) .
Using the ELISA technique, we found an overall infection rate of 0.78% (based on the 3,979 anophelines analyzed): infection rate for An. aquasalis was 1.18%, for An. darlingi, 1.61%. Most of the infected individuals were collected in 1999 (Table 7 ). All other species were uninfected except one pool of four An. galvaoi Causey, Deane & Deane, which was positive for P. vivax VK210, and was collected in May, 1999 in DASAC.
SigniÞcant variation in infection incidence among years was detected only for P. vivax; all mosquitoes infected with P. vivax were collected in 1998 Ð1999 ( Table 7) . The signiÞcant Site effect results from the high number of mosquitoes infected with P. vivax in DASAC. The Year by Site and the Year by Species interaction terms indicate that the number of mos- quitoes infected with P. vivax differed signiÞcantly among sites between years, and among years between the two mosquito species (Table 6 ).
Discussion
Role of An. darlingi in Malaria Transmission. Based on salivary gland dissections of An. darlingi, the reports of malaria parasite infection rates vary from 5% (Davis 1931) to 0.28% (Galvão et al. 1942 ) to 1.73% (Deane et al. 1948 ). Our Þndings of 1.61%, using ELISA, suggest that there has been no marked change in infection rate of An. darlingi in Belé m in over 50 yr. Anopheles darlingi disappeared from Belé m between 1968 and 1978, was absent during the 1980Јs, and was only collected again commencing in 1992 (Fundaç ão Nacional da Saú de [FNS] , unpublished reports). These Þndings suggest that An. darlingi was not involved in malaria transmission in Belé m for over 20 yr.
Factors that may have contributed to its disappearance are the destruction of breeding sites in the DAENT district, as noted above, heavy insecticide use, and the reduction of forested areas as urbanization increased (Fig. 1) . By 1988, only one-quarter of the original native forest remained in Belé m (COHAB 1997) . This parallels the case in Manaus, where rapid population growth was suggested as the cause for the disappearance of An. darlingi from this city in 1975 (Tadei and Thatcher 2000) .
In support of the probable eradication of An. darlingi we note that during the decade following its reported disappearance the number of human cases of malaria declined dramatically (i.e., from 3,437Ð118, Table 1 ). We also note, however, that during subsequent decades the number of cases has been rising consistently. After the early initial success of the late 1960s and early 1970s with DDT, control of larvae and adults with insecticide was reduced in Belé m and has not been reinstated.
Beginning in 1993, we have collected An. darlingi annually, and its abundance increased considerably in DAENT and DAICO in 1998 and especially in 1999. We hypothesize that this reappearance and expansion may be related to human occupation of forested areas of Belé m during the 1990s. An. darlingi is most likely responsible for some malaria transmission in both DAICO and DAENT, since its reappearance in these two districts in 1993 and 1995, respectively. A parallel instance of increased numbers of An. darlingi collected in the Department of Loreto, Amazonian Peru (Fernández et al. 1997) , ultimately culminated in a serious malaria outbreak in this region in 1997 (Aramburú Guarda et al. 1999) .
Role of An. aquasalis in Malaria Transmission in Belém. Davis (1931) found no Plasmodium infections, based on salivary gland dissections of 21 adult An. aquasalis, Galvão (1942) found an infection rate of 0.26% (2,977 mosquitoes), and Deane et al. (1948) reported a rate of 0.88% (1,364 mosquitoes). Our results suggest that the current rate is higher, 1.18% (1,857 mosquitoes).
In DASAC, our data suggest that only An. aquasalis has been involved in malaria transmission since 1993. There has been a fairly steady increase in cases in the bairro of Sacramenta in the DASAC district (population Ͼ75,000; FNS, unpublished technical report). In 1993, only two of 653 slides examined were positive (0.31%). By 1999, 108 of 2,298 slides examined were positive (4.70%). Furthermore, in 1999, seven of the 16 An. aquasalis positive for Plasmodium in DASAC were from Sacramenta.
Our data largely concur with the hypotheses of Galvão et al. (1942) and Deane et al. (1948) concerning the roles of An. aquasalis and An. darlingi in Belé m. 
a DABEL-Belé m district; DAGUA-Guamá district; DASAC-Sacramenta district; DAENT-Entrocamento district; DABEN-Bengui district; DAICO-Icoaraci district (see Fig. 2) .
b Abbreviations are from Table 2 -the Þrst three letters of each species name.
c In Galvão et al. 1942 An. aquasalis was known as An. tarsimaculatus. d Based on Davis 1931 , Galvão et al. 1942 and Deane et al. 1948 . e Based on data in the present study (1993) (1994) (1995) (1996) (1997) (1998) (1999) . In the 1990s, An. aquasalis is implicated as the vector in our localities in the district of DASAC; the lowest lying of the three districts, proportionately more of this district is coastal compared with DAENT and DAICO (Fig. 2) . In DAENT and DAICO, both anopheline species were positive and presumably involved in malaria transmission, and these districts include both low-lying land and terra firme. However, we collected infected An. darlingi during both the dry (the months June, July, August, October, and November; Deane, 1988) and rainy seasons, suggesting that they may transmit malaria during both periods. This is at odds with the suggestion of Deane et al. (1948) that malarial transmission because of An. darlingi in Belé m is exclusively a rainy season phenomenon.
Changes in Anopheline (Nyssorhynchus) Species Diversity. Nyssorhynchus are relatively uncommon in primary forest (reviewed in Charlwood 1996, Lounibos and Conn 2000) , but deforestation, new invasões, mining activities, and agricultural settlements provide many new types of larval habitats (Tadei et al. 1998) . Such anthropogenic changes have been implicated in both increasing and decreasing the diversity of Nyssorhynchus (Tadei and Thatcher 2000) .
Our results indicate that there are currently more Nyssorhynchus species collected in Belé m than in the past. However, this increased diversity of species is not uniform across all districts (Table 4) . Belé m district (DABEL), the most urbanized part of Belé m with few breeding sites, has the lowest diversity of species. Guamá district (DAGUA), also highly urbanized, has a higher diversity of species, but it borders the lakes of the APA (Á rea de Proteç ão Ambiental; Figs. 1 and 2) .
We had thought the DAENT district, less developed and also bordering the APA lakes, might have changed little over time. Deane et al. (1953) collected eight different genera of mosquitoes there, but only An. darlingi in the subgenus Nyssorhynchus. We collected An. darlingi and four additional Nyssorhynchus species (Table 5 ). These new species may have appeared because of the origin of several new invasões within the APA, or perhaps because a herd of water buffaloes at the agricultural station may attract more zoophilic species from the surrounding forest. An obvious question is whether the four species that have appeared since the 1940s could have been present but not accurately identiÞed or simply not detected because of rarity. We cannot rule out the latter, but the former is highly unlikely because the same researchers who reported the collections (Deane et al. 1948) wrote and illustrated the key (Deane et al. 1946) , which is still in use.
In terms of malarial infection, our data indicate that none of the species that have appeared since the 1940s (An. evansae [Brethes] , An. galvaoi, An. nuneztovari Gabaldon, and An. strodei Root) has any signiÞcant involvement in malaria transmission in Belé m. One group of An. galvaoi was detected as positive for malaria, and that may represent only a single individual.
Epidemiological Changes. While human population growth in Belé m has increased rapidly since the 1940s, the number of malaria cases has ßuctuated (Fig. 3) : the decline in 1970 is likely because of control measures, because at this time the national malaria campaign was at its peak (Deane 1988 ). Currently we see evidence for a rapid increase in the number of malaria cases in both Belé m and Pará state. This trend is also seen in Macapá (Amapá state, Conn et al. 2002) SigniÞcance levels* P Ͻ 0.05; * P Ͻ 0.01; *** P Ͻ 0.001. Note: Samples for 1993 were not included in the analysis because for logistical reasons no samples were collected from DAENT. In Belé m, candidates include changes in the vector control program, economic constraints, and more human-mosquito contact following rapid expansion of Belé m into the surrounding forest in the 1990s (as in Manaus; Tadei and Thatcher 2000) .
The increases in malaria in Belé m and in Pará are because of rapid increases in cases of P. vivax; interestingly we Þnd P. falciparum to be decreasing slightly. Case numbers for P. malariae have exploded just recently in Pará, mirroring a similar trend documented in rural Rondô nia state in Brazil (L.P. Lounibos and R. Lourenç o-de-Oliveira, personal communication). These may be a result of increased encroachment by humans into areas where monkeys harbor this malaria parasite. (Giemsa-staining, which is used in Pará, has been suggested to underestimate the incidence of P. malariae; Cavasini et al. 2000.) Although the focus on case treatment (WHO 1993 ) and other changes in vector control (Akhavan et al. 1999 ) may indeed have had a signiÞcant effect on P. falciparum, the continued increase in overall malaria cases is troubling.
In Belé m, we have also documented an increase in numbers of An. darlingi. Because of An. darlingiÕs higher efÞciency of malarial transmission, it is an important vector even at low densities (Deane et al. 1948, Tadei and Thatcher 2000) . Coupling the increases in both malarial parasites and An. darlingi, we predict that continued growth of these populations may lead to local epidemics in Belé m in the near future.
